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Introduction
Ionic liquids (ILs) are a class of organic salts with relatively low melting points and unique combinations of solubility-related properties dependent upon the constituent cations or anions which could be separately modified [1, 2] . ILs have attracted great interest as an environmentally-benign source for alternative solvents. By tuning their molecular compositions, ILs exhibit a broad range of solubilisation properties of both inorganic and organic materials, including in some cases even hardly-soluble materials. Furthermore, ILs are chemically and thermally stable, are generally easy to recover and recycle, and they also exhibit low vapor pressure thus minimizing release into the atmosphere. In consequence, ILs have been used in recent years in diverse applications, both as solvents in chemical processes such as digestion of cellulose and wood, as well as components in new materials, including solar cells, surface-cleaning substances, liquid membranes, nanoparticles' capping agents and others [3] [4] [5] [6] .
Among the most interesting properties of some chlorides or acetate ILs is their ability to solubilise natural compounds and polymers, such as carbohydrates, cellulose, wool keratin, silk fibroin, chitin and chitosan, offering new possibilities for renewable processing of natural biomaterials. However, the apparent "universal" solvation properties of ILs, beside their clear and tangible benefits, present certain health risks that need to be addressed. In particular, due to the high solubility of ILs in water there is a growing concern for their impact as industrial effluents and the consequent contamination of aquatic ecosystems [7] . Indeed, it has been shown that many ILs are toxic towards a variety of biological targets [8] .
The mechanisms of ILs toxicity, however, are not well understood. In this context, interactions of ILs with the cellular membrane are considered a primary culprit. Indeed, most toxicology studies have correlated the lipophilicity of IL ion-pairs with their biological effects, suggesting that the disruption of the plasma membrane plays a major role in IL toxicity [9, 10] . Moreover, several ILs act as surfactants which are generally highly disruptive to membranes. Previous studies have correlated the toxicity of ILs with increasing alkyl chain length of the cationic constituent, proposing that the alkyl chains insert through the polar head-group region of the membrane bilayer, and consequently induce membrane damage and cell death [11, 12] . While many reports focused on the micellar properties and biological effects of ILs having long alkyl chains [13] , little is known about the behavior of ILs with short side residues or ILs exhibiting side-chains bearing oxygen atoms, particularly with regard to their putative membrane interactions.
ILs are characterized by a huge molecular diversity, so that both the physico-chemical properties and the (eco)-toxicological effects can be synthetically tuned. We have recently synthesized a class of imidazolium-based ILs bearing oxygenated side chains [14, 15] . The presence of an oxygenated lateral chain on the cation appeared to modulate the biological effects of the compounds at different cellular levels. Specifically, we investigated the ecological toxicity, toxicity at cellular and sub-cellular levels, effects on membrane fusion [16] and biodegradability [17] . An analysis of the impact of these newlysynthesized ILs upon cellular membranes is still lacking.
Here we present a comprehensive characterization of membrane interactions of several ILs exhibiting distinct structural and biological features, to better understand the underlying molecular parameters affecting their toxicity. This study is designed to systematically examine the modes of lipid bilayer binding and insertion, correlating the ILs' structural features with lipid reorganization and membrane disruption. This investigation helps to lay the foundation for elucidating IL toxicity mechanisms, and would aid the design of new classes of ILs exhibiting benign environment profiles.
Materials and method

Materials
BTAC (Benzyltributyl ammonium chloride, 2) was purchased from Fluka (Milan, Italy). 1,2-Dimyristoyl-sn-glycero-3-phosphocholine
-benzoxadiazol-4-yl) (N-NBD-PE) and 1,2-dimyristoyl-sn-glycero-3 phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (N-Rh-PE) were purchased from Avanti Polar Lipids (AL).
Carboxyfluorescein (CF) > 95%, Sucrose>99.5%, Hepes >99.5%, and Trizma base were purchased from Sigma Aldrich. Potassium chloride was purchased from Frutarom Ltd (Haifa). RPMI Medium 1640, Certified Foetal Bovine Serum (FBS), trypan blue, L-glutamine and penicillin-streptomycin amphotericin were purchased from Biological Industries (Israel).
Synthesis
Compound 2 is commercial. ILs 1, 3, 4, 5 and 6 were synthesized according to procedures reported in the literature [18] by mixing 1-methylimidazole or N-methylpryrrolidine with 1 equivalent of the chosen alkyl or ethoxyhalide at 50°C. Dodecylbromide, butylchloride and 2-chloroethylmethylether are commercial; 2-(2-methoxy-ethoxy)-ethyl chloride CH 3 (OCH 2 CH 2 ) 2 Cl, employed in the synthesis of compounds 5 and 6 was prepared from the corresponding ethylene glycol monomethyl ether, according to the procedure reported in the literature [19] . The 1 H NMR and 13 C NMR spectra were in agreement with the literature data. All ILs were purified on activated carbon before using. Purity was checked through NMR. All spectra were recorded using a 5-mm probe on Varian Inova 300 and Varian Inova 400 spectrometers (Varian, Palo Alto, CA, USA) at 300 or 400 MHz. All spectral data were acquired in D 2 O or CDCl 3 with a known amount of tetrakis(trimethylsilyl)silane as an internal standard and a delay time between successive scans of 20 s to ensure complete proton relaxation and, therefore, quantitative integration.
CH 3 
Cell viability
Human leukemic monocyte lymphoma cell line U937 was grown in RPMI-1640 medium supplemented with 10% (v/v) heat-inactivated fetal bovin serum, 2 mM L-glutamine, and 50 μg/ml streptomycin in humidified 5% CO 2 atmosphere at 37°C. The cells were maintained at a density of 0.7-1×10 6 cells/ml before being harvested and were sub-cultured three times weekly. Cell viability was estimated by the trypan blue dye exclusion method, after 2 min incubation cells with 0.4% trypan blue. Percentage of dead (blue stained) and live (not stained) cells was determined using a haemocytometer at the transmission microscope.
Lipid/polydiacetylene assay
Lipid/polydiacetylene (PDA) vesicles (PDA/DMPC 3:2, mole ratio) were prepared by dissolving the lipid components in chloroform/ ethanol and drying together in vacuo. Vesicles were subsequently prepared in DDW by probe-sonication of the aqueous mixture at 70°C for 3 min. The vesicle solution was then cooled at room temperature for an hour and kept at 4°C overnight. The vesicles were then polymerized using irradiation at 254 nm for 10-20 s, with the resulting solutions exhibiting an intense blue appearance.
Ultraviolet-visible (UV-vis) measurements of the DMPC/PDA vesicle suspensions were carried out on a Jasco V-550 spectrophotometer. A quantitative value for the extent of blue-red transition as obtained from the UV-vis spectra is given by the percentage colorimetric response [%CR], which is defined as:
where PB = A blue /(A blue +A red ), A is the absorbance at either the "blue" component in the UV-vis spectrum (peak at 644 nm) or the "red" component (500 nm) (Note: "blue" and "red" refer to the visual appearance of the material, not its actual absorbance). PB 0 is the red/blue ratio of the control sample, while PB i is the value obtained after incubation with the tested molecules (color change induced).
Förster resonance energy transfer (FRET)
Small unilamellar vesicles (SUVs) (DMPC/DMPG 1:1, mole ratio) were prepared by dissolving the lipid components in chloroform/ethanol and drying together in vacuo, followed by dissolution in Tris base (pH 7.4) by probe-sonication of the aqueous lipid mixture at room temperature for 10 min. Prior to drying, the lipid vesicles were additionally supplemented with N-NBD-PE and N-Rh-PE at a 500:1:1 (phospholipid: N-NBD-PE: N-Rh-PE) mole ratio. Fluorescence emission spectra were acquired (excitation 469 nm) in the range of 490-650 nm on a FL920 spectrofluorimeter (Edinburgh, UK), using a 1 cm optical path cell.
To calculate the extent of FRET disruption the following equation was used:
in which R is a ratio of fluorescence emissions NBD-PE (536 nm)/Rhodamine-PE (586 nm). R i is the ratio in the IL/vesicle mixtures, R 100% was measured following the addition of 20% Triton X-100 to the vesicles (Triton X-100 is a detergent causing complete dissolution of the vesicles), and R 0 corresponds to the ratio recorded for vesicles without any additives.
Vesicle dye release assay
Large Unilamellar Vesicles (LUVs) were prepared by mixing the lipids (DMPC/DMPG 1:1, mole ratio) and supplemented with Rhodamine-PE (500:1). All lipid components were dissolved in chloroform/ethanol (1:1, v/v) and dried together in vacuo for 4 h. The resulting lipid films were hydrated in the buffer-carboxyfluorescein (CF) solution (CF 50 mM, Hepes 50 mM, NaCl 110 mM, NaN 3 0.02%, pH 7.4) by vortexing for 3 h. LUVs were prepared by the extrusion of the lipid suspensions through a polycarbonate filter with 400 nm pore size at room temperature. Following extrusion and a 30 min annealing at room temperature, the vesicles were washed three times with buffer (Hepes 50 mM, NaCl 110 mM, NaN 3 0.02%, pH 7.4) by centrifugation at 20,000 g and re-suspended to yield a stock solution of 0.5 mM total lipids. The vesicles were stored at −4°C and used immediately after unfreezing. Fluorescence emission of carboxyfluorescein at 517 nm was recorded using an excitation wavelength of 490 nm on a FL920 spectrofluorimeter (Edinburgh, UK).
% Leakage was calculated according to the equation
where I 0 is the fluorescence intensity of vesicles alone, I 100 is the fluorescence intensity after addition of 20 μL Triton X-100 20% (which induces vesicle disintegration), and I sample is the fluorescence intensity after the addition of the different ILs and 1-hour incubation at room temperature.
Differential scanning calorimetry (DSC)
Multilamellar vesicle dispersions were prepared by dissolving DMPC/DMPG (98:2 mole ratio) in chloroform/ethanol (1:1) and drying in vacuo to constant weight. This was followed by the addition of deionized water (final concentration 2 mM). Glass beads were then added and the sample was shaken.
DSC experiments were performed on a VP-DSC Microcalorimeter (MicroCal, USA). Distilled water served as a blank. ILs were added at specific concentrations and heating scans were run at a rate of 60°C/h. Data analysis was performed by using Microcal Origin 7.0 software.
Confocal fluorescence microscopy
Giant vesicles (GUV's) were prepared through the rapid evaporation method [20] . Briefly, GUVs comprising egg-PC and egg-PG (1:1 mole ratio) were prepared through dissolving the lipid constituents in chloroform/ethanol (1:1, v/v), subsequently adding to round-bottom flask (250 ml) containing chloroform (1 ml). The aqueous phase (5 ml of 0.1 m sucrose, 0.1 mM KCl, 50 mM Tris solution, pH 7.4) was then carefully added along the flask walls. The organic solvent was removed in a rotary evaporator under reduced pressure (final pressure 40 mbar) at room temperature and 40 rpm. After evaporation for 4-5 min, an opalescent fluid was obtained with a volume of approximately 5 ml.
Confocal microscopy observations of egg PC/egg PG (1:1) GUVs supplemented with N-Rh-PE (500:1) were acquired using PerkinElmer Ultra VIEW system (PerkinElmer Life Sciences Inc., MA, USA) equipped with Axiovert-200 M (Zeiss, Germany) microscope and a Plan-Neofluar 63×/1.4 oil objective. The excitation wavelength at 568 nm was produced by an argon/krypton laser.
Membrane-bound ionic-liquid concentration
Membrane-bound IL concentrations, rather than total concentrations in solution were calculated through incubating DMPC/DMPG (1:1, 0.1 mM) vesicles with different concentration of ILs for an hour. After incubation, each sample was measured at Jasco V-550 spectrophotometer, and was subsequently centrifuged using a Sorvall Discovery M120, rotor ss55s, at 38,000 rpm for 40 min at 25°c, to precipitate the vesicle-bound compounds. Following centrifugation, the supernatant was measured again. The membrane-bound percentage was calculated according to:
where A 0 is the absorbance before centrifugation, and A f is the absorbance after centrifugation. Control containing only liposomes at the same concentration was also measured, and its absorbance was subtracted from each IL measurement. λ max for each IL was selected according to the respective UV-vis spectra (1-206 nm, 2-218 nm, 3, 4-214 nm, 5-216 nm, 6-204 nm).
Results
Scheme 1 depicts the structures of the ILs investigated in this study. To span a range of structural features and chemical properties, we chose ILs and a quaternary ammonium compound (QAC) bearing different headgroups such as quaternary ammonium salts, imidazolium and pyrrolidinium cations, and different side-chains, including short and long alkyl residues, and mono-, and di-etoxylated side-chains. Several studies have shown that the cations and particularly the side-chains are the crucial components which determine the biological and toxicological properties of ionic liquids [11] . This is quite expected, in fact, because most cellular membranes exhibit negative charge and thus would be affected much more significantly by the cationic components of ILs.
Compound 1 (1-dodecyl-3-methylimidazolium bromide) is a well-documented IL, characterized by a low critical micellar concentration (cmc) and high cell-and membrane-activities [21, 22] . Compound 2 (BTAC -benzyltributylammonium chloride) is a quaternary ammonium compound with known bactericidal activity commonly used as a phase transfer catalyst in organic reactions [23] ; 2 cannot be defined as an IL due to a relatively high melting point (155°C) but has been included in this study as representative ammonium salt with short alkyl side chains. Compounds 3, 4 and 5 consist of imidazolium chlorides bearing an alkyl lateral chain (1-butyl-3-methylimidazolium chloride, BMIM Cl, 3) or an alkoxy lateral chain (1-methoxyethyl-3-methylimidazolium chloride, MOEMIM Cl 4, and 1-(2-(2-methoxy- 2 Prl Cl) has the same cationic side chain composition as 5 but bears a pyrrolidinium headgroup. Previous studies suggested that introduction of ether-oxygen atoms in the lateral chain of imidazolium-based ILs reduced the toxicity towards some biological targets [15] .
To evaluate the toxicity of ILs 1-6 towards mammalian cells we incubated each compound with U937 monocytic cells and determined subsequent cell viability [24] (Fig. 1) . The experiments depicted in Fig. 1 demonstrate dramatic differences of cytotoxicity among the ILs examined. Specifically, compounds 2-5 did not adversely affect cell viability (i.e. insignificant percentage of dead cells recorded). In contrast, 1 was highly cytotoxic, as already previously observed [12, 19] , and 6 appeared mildly toxic -inducing approximately 25% cell death, albeit when incubated with the cells in a an order-of-magnitude higher than 1. The differences in cell viability between substances 5 and 6 are particularly noteworthy. These two ILs both have two oxygen atoms in the side-chain and the same chain length in the cationic structure, albeit a different cationic headgroup; an imidazolinium moiety for 5 and a pyrrolidinium one for 6. Accordingly, the viability data point to a dramatic effect of the headgroup upon the toxic profile of the ILs.
To account for the differences in cell toxicity among the ILs and to better understand their effects upon mammalian cells we applied several biophysical techniques focusing on membrane interactions of the compounds (Figs. 2-6 ). Our emphasis upon the characterization of membrane binding and disruption induced by the ILs as putative critical biological determinants is based upon the notion that the lipid bilayer is naturally the first cellular constituent encountered by ILs. Furthermore, the plasma membrane is a well-known target for varied biological substances, both water-soluble as well as amphiphilic [25] . Fig. 2 depicts results obtained upon application of the lipid/ polydiacetylene (PDA) chromatic vesicle assay designed to probe bilayer binding and the extent of membrane surface interactions of the ILs [26] . Lipid/PDA vesicles have been employed as biomimetic membrane assemblies for studying membrane interactions; previous studies have correlated the degree of bilayer insertion/surface interactions of membrane-active molecules with the induction and concentrationdependent dose-response curves of PDA blue-red transformations [27] .
The colorimetric dose-response curves in Fig. 2 reflect the extent of blue-red transitions recorded in solutions of dimyristoylphosphatydilcholine (DMPC)/PDA vesicles following brief incubation with the ILs; higher %CR values correspond to more pronounced blue-red changes of the vesicle solutions (Materials and method section). Previous studies have correlated the colorimetric transformations of lipid/PDA vesicles with the extent of bilayer disruption/insertion by tested compounds [27, 28] . Specifically, the color (blue-red) transformations of PDA moieties embedded within the mixed lipid/PDA bilayer were shown to be highly sensitive to the modes of membrane binding; surface localization and binding of membrane-active species generally induce significantly more pronounced color change of PDA, while deeper insertion into the bilayer gives rise to lower degree of color transformation [27] . Accordingly, the colorimetric data presented in Fig. 2 indicate that pronounced differences occur in membraneinteractions among the ILs studied. Fig. 2 demonstrates that 1 induced the most pronounced colorimetric response, initiating a color change in much lower concentrations than all the other ILs examined. The steep increase in %CR following addition of low concentrations of 1 to the DMPC/PDA vesicles is ascribed to the strong attachment of the molecule to the lipid bilayer surface, most likely giving rise to a considerable disruption of the membrane. This scenario is consistent with the known detergent-like properties of 1 [29] [30] [31] [32] .
Similar to 1, IL 2 induced a significant color change upon incubation with the DMPC/PDA vesicles, however the blue-red transformation occurred in order-of-magnitude higher concentrations compared to 1 (Fig. 2) . This result indicates that 2 likely also strongly binds to the lipid bilayers' surface, albeit giving rise to lesser bilayer disruption. This result is consistent with the stated biocidic properties of 2 [33] . Fig. 2 also shows that 3 and 6 produced moderate dose-response curves, most likely explained by deeper insertion of the compounds into the lipid bilayer, resulting in lesser membrane-surface perturbation [27, 28] . The absence of colorimetric transformations induced by 4 and 5 suggests that these two compounds insignificantly disrupt the membrane interface.
To further characterize the effects of IL 1-6 upon lipid bilayers we carried out vesicle leakage experiments (Fig. 3) . Leakage analyses employ lipid vesicles which encapsulate a self-quenched fluorescent dye which does not fluoresce in the initial, as-prepared vesicles. Molecules that disrupt the vesicle bilayer, however, give rise to the leakage of the fluorescent dye to the external solution resulting in enhanced fluorescence emission (due to lesser self-quenching of the dye) [33] . The leakage results in Fig. 3 utilizing PC vesicles containing carboxyfluorescein point to significant variation in membrane-disruption activities of the compounds [it should be noted that the ILs concentrations in Fig. 3 correspond to the values in which saturation of colorimetric signals was reached in the lipid/PDA vesicle experiments (Fig. 2) ]. The leakage data in Fig. 3 complement the chromatic vesicle experiments, and illuminate the extent of bilayer permeation induced by the ILs studied. Specifically, both 1 and 2 gave rise to high leakage of the fluorescent dye, indicating that these two ILs significantly disrupted the membrane. Fig. 3 further shows that the incubation of the dye-containing vesicles with compounds 3-5 yielded hardly any leakage, while 6 gave rise to small, albeit experimentally-significant increase in fluorescence due to carboxyfluorescein released from the vesicles. Indeed, the leakage result obtained for 6 is consistent with both the cell viability data (Fig. 1) and the lipid/PDA vesicle assay which showed a colorimetric transformation induced by this compound (Fig. 2) . Together, the results likely indicate that bilayer insertion of 6 is a prominent factor affecting membrane disruption and consequent cell toxicity.
Confocal fluorescence microscopy experiments utilizing giant Rhodamine-PE/PC/PG vesicles (1:500:500 mole ratio) provide a dramatic visual depiction of the effects of 1-6 upon vesicle shape and morphology (Fig. 4) . Interestingly, the confocal microscopy images in Fig. 4 demonstrate that all tested ILs perturbed to the vesicles a certain degree. However, differences are clearly apparent between the effects of 1 and 2 which seem to give rise to darker domains on the vesicle surface which might correspond to pores or possibly IL aggregates, and 3-6 which produced undulated appearances of the vesicle surface.
The confocal microscopy analysis suggests that all ILs tested here exhibit some interactions with lipid bilayers. However, the microscopy data also corroborate the chromatic vesicle and leakage assays (Figs. 3 and 4) , showing a clear difference between the membrane activity of 1 and 2 on the one hand, 3-6 on the other hand. Interestingly however, the confocal microscopy experiments did not detect significant differences in membrane activity among compounds 3-6. This observation might be related to the analytic profile of the giant vesicle microscopy assay, which essentially probes microscopic (rather than molecular-level) impact of the molecules tested.
To further probe the details of lipid bilayer reorganization induced by IL 1-6 we carried out fluorescence resonance energy transfer (FRET) analysis employing DMPC/DMPG vesicles which also contain the fluorescent dyes rhodamine-PE and NBD-PE (Fig. 5) . FRET experiments record the increase or decrease of energy transferred between a fluorescence donor (e.g. NBD-PE) and a fluorescence acceptor (rhodamine-PE), both embedded within the vesicle bilayer [34] . The change in energy transfer This result is consistent with pronounced membrane interaction of 1 leading to bilayer rearrangement and greater average distance between the bilayer-embedded donor and acceptor dyes. The significant bilayer effect induced by 1 is indeed the dominant picture emerging from the other experimental techniques applied (Figs. 2-5 ). In contrast to 1, compounds 2, 3 and 6 gave rise to enhanced FRET between the vesicle-embedded fluorescent dyes (Fig. 5) . This result indicates that these ILs exert significant impact upon interaction with the bilayer, albeit resulting in completely different topology of the acceptors and donors in the bilayer, both compared to the control vesicles and also in relation to 1.
Interestingly, the FRET data in Fig. 5 show that 4 and 5, which did not produce experimentally-significant bilayer perturbations according to the lipid/PDA and leakage assays (Figs. 3 and 4, respectively) , actually appeared to interact with the vesicles -giving rise to greater FRET efficiencies. However, the concentration-dependent change of the FRET induced by 4 and 5 was markedly different from the parallel results obtained for 2, 3 and 6. While Fig. 5 shows that enhanced FRET in the case of 2, 3 and 6 was recorded at both low and high compound concentrations, 4 and 5 actually had a negative effect upon FRET efficiency (compared to the control vesicles) at lower concentrations, while enhanced FRET was recorded only at the higher concentrations examined.
To shed further light upon IL-induced bilayer reorganization, we carried out a differential scanning calorimetry (DSC) analysis using DMPC/ DMPG (98:2 mole ratio) vesicles (Fig. 6 and Table 1 ). DSC interrogates the thermodynamic profile of lipid bilayers and constitutes a highly sensitive tool for determining the effects of membrane-active species upon organization and cooperative properties of the bilayer [35] . Fig. 6 depicts the DSC thermograms of the control vesicles, and vesicles incubated with 1 and 2, respectively. The DSC trace of the unperturbed vesicles (prior to their incubation with ILs) shows the DMPC pre-transition at around 15°C, and the major gel-fluid transition at 24°C [35] . Fig. 6 shows that a dramatic change in heat absorption occurred following incubation with 1 -almost complete elimination of the gel-fluid phase transition. This result is a strong indication for a marked reduction of phospholipid ordering and corroborates the data presented in Figs. 3-6 , indicating substantial bilayer disruption induced by 1.
The DSC data in Fig. 6 and Table 1 show that the thermal transitions induced by 2-6 were more moderate compared to the effect of 1. The DSC thermogram in Fig. 6 highlights the changes induced by 2 both in the position of the phase transition temperature (T m ), and in the enthalpy change (ΔH) reflected in the area under the transition peak [35] ( Table 1) . As apparent in Fig. 6 , the differences between DSC thermograms of 2 and the control vesicles confirm that the cooperative properties of the lipid bilayer were affected through binding of 2 to the vesicles (however in a much less pronounced manner compared to 1). Table 1 summarizes the shifts in the phase transition temperatures (ΔT m ), and enthalpy changes (ΔH) corresponding to the DMPC gel/liquid phase transition induced by ILs 2-6, in relation to the corresponding values recorded for the control vesicles. Table 1 illuminates several important observations concerning the thermodynamic changes induced by the ILs. Compound 2 in particular appears distinctly different than 3-6: the lower enthalpy change and lower T m compared to the control vesicles reflect loss of lipid order within the bilayer (e.g. fewer phospholipids undergoing the cooperative gel/liquid phase transition [35] ). This result is generally consistent with the biophysical experiments discussed above, which indicate pronounced interactions and bilayer reorganization induced by 2.
Examination of the DSC parameters acquired for compounds 3-6 indicates that their impact upon the enthalpy change was generally very small compared to the control vesicles (e.g. ΔH i /ΔH 0~1 .0, Table 1 ), except from 5 which gave rise to an experimentally-significant higher enthalpy (ΔH i /ΔH 0 =1.19, Table 1 ). The changes in the transition temperature (T m ), however, are significant and informative. In particular, both 4 and 5 gave rise to the most pronounced increase in T m of Table 1 DSC parameters. ΔH i -enthalpy change of the main transition calculated following incubation of the vesicles with the ILs; ΔH 0 -enthalpy change of the main transition calculated for the control vesicles; and ΔT m -difference between the transition maximum recorded in the vesicle/IL sample and the control vesicles. (2-50 mM; 3-6-500 mM). % FRET disruption 2.41°C and 2.85°C, respectively. The elevated transition temperatures, which are significantly higher compared to the other ILs examined here, indicate a more stable gel lipid phase affected by the two compounds. This interpretation is supported by the FRET results (Fig. 5 ) which pointed to enhanced bilayer rigidity induced by 4 and 5. Indeed, the experiments summarized in Fig. 5 and Table 1 together suggest that these two compounds exhibit distinct bilayer binding and insertion mechanism which is most likely different from the other ILs investigated. The DSC data in Table 1 also show that 3 and 6 seem to induce somewhat different effects upon the bilayer -3 lowered the T m while 6 gave rise to a higher transition temperature. Accounting for this opposite effect is difficult, however it should be emphasized that the apparent mechanistic difference between 3 and 6 emerging from the DSC analysis is also clearly reflected in other assays applied in this study, particularly the viability data ( Fig. 1) and leakage results (Fig. 3) . Overall, the DSC analysis confirms that all six ILs interacted with lipid bilayers, while distinct membrane association mechanisms most likely exist for the compounds.
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Discussion
Ionic liquids attract a growing interest as effective and environmentfriendly substitutes for organic solvents. Even though ILs exhibit a broad range of chemical properties and their toxic profiles have been evaluated, there is still a significant lack of understanding of the factors impacting their biological effects and cytotoxicity. This deficiency is particularly acute with regard to the structural features contributing to IL interactions with cells and cellular targets. This study examines the interactions of ILs with membranes as a key biological factor. The comprehensive biophysical analysis of membrane interactions of representative ILs, displaying different side chains and cationic headgroups, reveals differences between their bilayer binding and effects upon lipid organization. Indeed, since the ILs examined exhibit varying degrees of biological activities and cytotoxicities, this study sheds light upon membrane interactions as a possible important factor underlying the biological differences between the compounds.
We applied a plethora of complementary biophysical and microscopy techniques which together highlight principal aspects pertaining to the membrane activity of the ILs. Importantly, while our work and previous studies depict a rather broad spectrum of cytotoxic activities for compounds 1-6, the experiments show that all the ILs tested exhibit membrane interactions. The data we present, however, clearly show wide variation in the extent of binding and disruption of lipid bilayers by the ILs, which can be related to their biological activities. This correlation is important, since it indicates that, first, membrane interactions of ILs are most likely universal phenomena, even for ILs that are patently hydrophilic, and second, IL structures can be tuned to intimately affect the mechanisms of their membrane association and consequently their biological and toxic profiles.
The bio-analytical analyses point to apparent "groupings" in the compounds tested, in the context of bilayer interactions. Specifically, 1 exhibited the most pronounced binding and disruption of membrane bilayers, consistent with a strong micellization effect. 2 also appeared fairly membrane-active, particularly based upon the application of the biomimetic lipid/PDA assay (Fig. 2) and fluorescence leakage experiments (Fig. 3) . However, somewhat surprisingly we detected minimal toxic activity of 2 in the cell viability assay (Fig. 1) . Together, these results suggest that the toxicity of 2 might be related to membrane disruption, however it might be triggered by a high-concentration threshold.
The experimental data further demonstrate that compounds 3-6 induced less pronounced membrane disruption compared to 1 and 2, although interesting differences in bilayer activity were detected among these molecules as well. Specifically, 3 appeared mildly membraneactive, most likely undergoing deep insertion into the bilayer (according to the lipid/PDA vesicle assay, Fig. 2 ) and retention within the bilayer leading to changes in bilayer organization (FRET data, Fig. 4) . These results are consistent with previous data suggesting that 3 induces poreformation within membrane bilayers [11] . Indeed, the structural features of 3 -specifically the short alkyl chains in the cationic structure and overall small dimension of the molecule -might account for its pronounced insertion into the lipid bilayer.
Distinct membrane interaction and biological activity profiles were apparent for the three oxygenated ILs 4-6. 4 and 5 display similar membrane interaction profiles, featuring the lowest bilayer activity among the compounds studied. These two ILs also did not exhibit cytotoxicity (Fig. 1) . These data corroborate previous reports which indicated order of magnitude differences in toxicity levels of 4-5 compared to 1 [15, 36, 37] . Indeed, the minimal membrane interactions and small bilayer perturbations induced by 4 and 5 point to a correlation between the extent of lipid reorganization and biological activity of the two compounds.
A relationship between membrane interactions and biological activity is particularly evident in the case of 6. Specifically, almost all the biophysical assays demonstrated relatively significant membrane activity of this oxygenated IL, and indeed its adverse impact upon cell viability was markedly more pronounced than 4 and 5 (Fig. 1) . These results are particularly significant from a structural standpoint, since they point to the headgroup structure and orientation as a key factor determining membrane interactions and concurrent toxicity. While an increase in the cationic side chain length of an IL might be directly related to an increase in membrane activity, the presence and the number of oxygen atoms, and the total length of the cationic side chains emerge here as crucial structural and biological elements that have to be also considered in IL design. Specifically, the planar nature of the aromatic imidazolinium moiety seems to affect IL toxicity in a minor way when compared with the structure and orientation of the pyrrolidinium moiety of IL 6.
In conclusion, this study provides a thorough analysis of membrane interactions of several ILs exhibiting diverse structural and biological properties. While it is expected that cationic ILs will be affected by electrostatic attraction to negatively-charged lipids in the membrane of mammalian cells, this study indicates that membrane interactions of ILs are in fact dictated by more subtle mechanisms. The experiments reveal distinct differences among the compounds in terms of their association with-and effects upon lipid bilayers, and also point to a relationship between the extent of membrane disruption/permeation and biological activities of the ILs. The experimental data also underscore the significance of structural features within ILs, particularly the head-groups, in determining the biological/ toxic profiles of the molecules. Overall, this work provides an important insight into the molecular factors contributing to IL activity and should help the design of future generations of effective and less toxic ILs.
